Gas turbines for aircraft are designed for operation with a clean inlet air flow. This ideal operational condition is often violated during take-off and landing, where the probability of particle ingestion is high, with sand and dirt being the most commonly observed foreign particles. Current research on particle ingestion has identified several mechanisms that contribute to performance degradation in the turbine: erosion of internal and external surfaces, and flow blockages of film-cooling holes and internal cooling passages. The focus of the study given in this paper is to present a method that identifies the motion of foreign particles within an internal ribbed passage. The method uses a highresolution, flow field interrogation method known as time-resolved digital particle image velocimetry (TRDPIV). Observations from the two-phase flows showed that particle collisions occurred more frequently on the upstream surface of the ribs, especially in the inlet region. Results from these collisions included substantial particle breakup, and a particle rebounding phenomenon between the upper and lower walls. Comparisons are made to large eddy simulation predicted particle trajectories indicating some agreement, as well as phenomena that are not predicted due to the inherent assumption of the modeling.
Introduction
Two-phase flows characterized by solids in an air stream are found in many engineering processes such as filtration systems, fluidized beds, and solid fuel combustors. Gas turbines are not designed for operation with such a gas-solid flow. These engines are well-suited for applications requiring large power output in comparison to the size and weight of the engine. They are utilized for a wide variety of purposes including tank propulsion, electrical power generation, and propulsion of aircraft. As a result, gas turbines are often operated in environments with a high probability of particle ingestion, most commonly sand and dirt. Figure 1 shows several instances of gas turbines being operated in particle-laden environments. Complete filtration of the intake air is often deemed infeasible due to the associated high pressure drop, replacement, and cleaning requirements for the filters, and an overall increase in the engine weight and size. Particle ingestion into a gas turbine can have serious effects on both performance and engine service intervals. While traveling through the main-gas path, ingested debris collides with and subsequently erodes the metal surfaces. These particles, which are also pulled into the coolant air bypass, clog the internal cooling channels, thereby reducing the mass flow and increasing the part temperature. Elevated temperatures within the engine make the sand tacky, further increasing the likelihood of deposition and blocking within the cooling channels. Deposited sand adds additional conductive resistance to heat transfer between the coolant and metal.
Numerous analytical models have been developed that attempt to predict particle motion in a dispersed solid-gas flow. Researchers developing flow models for isotropic homogeneous turbulent two-phase flows have encountered significant difficulties expanding their predictions to more complicated wall-bounded flow fields, such as those found in turbine cooling channels. This is due to the inability to correctly model realistic turbulent particle transport as well as the effects of interparticle and wall collisions. More advanced knowledge of the particle motion and carrier flow field will aid in increasing the fundamental understanding of how particles are transported by a highly turbulent, wall-bounded flow.
Relevant Past Studies
Numerous rib-roughened studies for airfoil cooling applications are reported in the literature with the focus being on the heat transfer. Only a limited number of experimental studies have sought to resolve the mean and turbulent flow fields of a fully rib-roughened channel. The review of past studies begins with the previous research focusing on single-phase rib channel flow fields. It is followed by a review of experimental and computational studies on multiphase channel flow. Section 2.3 presents a brief sample of research performed on multiphase flows using particle image velocimetry ͑PIV͒.
Rib Channel
Studies. An early work by Perry et al. ͓1͔ studied the effect of rib roughness on a turbulent boundary layer flow. They showed that the effective roughness of spanwise grooves could be characterized by either the roughness height k or the boundary layer thickness d. More recent experimental studies on rib-roughened channel flows have been performed by Liou et al. ͓2͔, Casarsa et al. ͓3͔, Graham et al. ͓4͔, and Sewall et al. ͓5͔ . Using laser Doppler velocimetry ͑LDV͒, Liou et al. ͓2͔ studied a fully roughened rectangular channel with vertically aligned roughness elements. Their research showed that the separated shear layer growth and reattachment length were markedly different than for a geometrically similar backward facing step. The rib channel study of Casarsa et al. ͓3͔ compared the time-averaged digital particle image velocimetry ͑DPIV͒ flow fields with the wall heat transfer, measured by liquid crystal thermography. Regarding the flow field, their study identified four regions of flow separation in addition to evidencing the three-dimensional behavior of the channel flow field near the side walls. Graham et al. ͓4͔ , for a fully roughened channel with aligned ribs, evaluated the effect of rib height for a fixed rib pitch. Using LDV and pressure drop measurements, they concluded that increasing the rib height resulted in a larger recirculation region between successive ribs, thus explaining the trend of decreasing inter-rib heat transfer as observed by other researchers. Graham et al. ͓4͔ also observed that the required development length for a fully roughened channel was approximately 10 rib pitches for their configuration, which was larger than values previously reported by other researchers. Despite a number of experimental studies on aligned rib roughness elements, few studies have focused on the effects of staggered rib elements.
Numerous computational studies have been performed on ribroughened channel geometries, such as those by Cui et al. ͓6͔, Wahab and Tafti ͓7͔, lized a large eddy simulation ͑LES͒ to further explore the effect of rib spacing for channel flow having a single rib-roughened wall. For closely spaced ribs, the mean outer flow was observed "riding" over the roughness elements with a separated vortex contained between each rib pair. With the larger rib spacing, reattachment occurred between subsequent ribs, and large vortices were identified within the core flow through qualitative observations of the instantaneous velocity vector fields. A thorough review of the contributions and difficulties in simulating roughened channels was provided by Patel ͓9͔. Recent numerical studies are beginning to rely on LES and direct numerical simulations ͑DNS͒ to more accurately resolve the flow field than previous studies utilizing the Reynolds-averaged Navier-Stokes ͑RANS͒ equations.
Multiphase Channel Flow Studies.
One of the current issues with computational simulations of multiphase flow derives from the difficulties in modeling interparticle and wall collisions. Traditionally, these collisions are treated as ideal reflections with no loss of inertia. In 1992, Sommerfeld ͓10͔ published an initial study on the computational modeling of a two-phase flow in a vertical channel. The only experimental data with which Sommerfeld could compare with was published in 1975 by Grant and Tabakoff ͓11͔. Grant and Tabakoff used their accelerated erosion facility to study particle impacts in a model compressor stage. A high speed camera was utilized to visualize the particles as they traveled through the cascade. Sommerfeld ͓10͔ used images showing wall collision events to compare several different computational bouncing models. From his study, Sommerfeld concluded that numerical simulations of a confined gas-solid flow require a detailed modeling of particle-wall collisions including the effects of wall geometry and particle shape. He also asserted a need for "detailed experiments that take into account the combination of particle and wall material and the roughness of the wall."
Another numerical study for a square channel was performed by Shah and Tafti ͓12͔. The square channel computational domain was periodic in the streamwise direction, having a flow Reynolds number of 20,000. Their channel also included square ribs aligned on the top and bottom walls. Spherical particles were introduced into the flow having diameters of 10 m and 100 m. The 10 m were shown to be more sensitive to flow structures, which was related to their relatively low Stokes numbers when compared with the 100 m particles. Particle impacts on the rib surfaces were evenly distributed and impacts on the side walls were preferentially concentrated in the region of the top and bottom ribs. This even impact distribution was not true for the 100 m particles, which showed a tendency to impact the upstream surface of the rib as well as the reattachment region behind the rib. They also noted a significant clustering of particles in the near wall region, as indicated by 26% of the 50 m and 100 m particles within 0.05D h of the channel walls.
2.3 Multiphase PIV Studies. DPIV can provide full-field velocity measurements for both the carrier phase as well as the particle phase. Given a sufficiently high flow sampling rate, spatiotemporal resolved particle and fluid velocities can be readily calculated for the entire flow field. In 1996, Jakobsen et al. ͓13͔ used DPIV to investigate time-averaged properties in a vertical channel solid-gas flow. Oil droplets and glass spheres were used to seed the flow with nominal diameters of 1 m and 50-200 m, respectively. Slip velocities for the large particles were found to increase in the particle Stokes number, and fine wakes behind these particles were observed in the carrier fluid. Liu et al. ͓14͔ studied a vertical wake flow in a confined rectangular channel for the mixing of two liquid phases. The results were then compared with an analytical model, and two theoretical diffusion and dissipation models. The theoretical predictions were found to agree somewhat with the experimental data in an averaged sense, but did not properly model the interaction between the two fluids. These works are an example of the current capabilities of DPIV to provide physical insight into two-phase flow interactions.
Summary and Objectives.
To date, there have been no detailed DPIV measurements made in a rib-roughened channel with a two-phase flow. Moreover, there have been no timeresolved measurements made, whereby particle trajectories can be determined. The objective of this paper is to present a methodology for measuring the flow field and also for measuring the particle flows for a ribbed channel. In addition, this methodology includes the capability of independent, time-resolved measurements for both phases of the flow. Observed particle trajectories will be compared with those indicated through computational simulations to determine where similarities and differences occur, and where improved modeling is needed. It is important to note that the two flow phases, i.e., carrier flow and sand, were not resolved simultaneously.
The remainder of this paper discusses the experimental rib channel geometry and time-resolved DPIV ͑TRDPIV͒ facility and experimental methods, and also provides qualitative comparisons of the single-and two-phase rib channel results with the literature.
Experimental Facility and Measurement Methods
For these measurements, a commonly used ribbed channel with staggered ribs was used for the TRDPIV measurements. Because both the facility and measurement methods were new, benchmarking needed to be completed. This section describes the ribroughened channel geometry, the testing facility, the TRDPIV system, and the data processing methodology for both the clean and particle-laden channel flows.
Staggered Rib Channel Geometry and Test Facility.
The rib-roughened channel used for this study, as shown in Fig. 2 , was designed to simulate an internal cooling channel for a turbine airfoil. As shown in Figs. 2 and 3, the experimental channel has both a smooth and rib-roughened section. The inlet section was 12D h long and was made up of a smooth wall to assure a fully developed and uniform inlet flow into the rib-roughened section. Note that a scale six times larger than the engine was chosen for the single-phase flow field measurements, which allowed for improved measurement resolution for comparisons with published literature. For the two-phase channel studies, the ribbed channel was at actual engine scale to maintain the correct sand to channel geometric relationship. A summary of relevant channel dimensions are given in Fig. 3 and Table 1 for the engine scale as well as the scaled up experimental geometry. Each channel section was Transactions of the ASME manufactured primarily from acrylic, having exactly the same geometry with the only differences being the construction material used for the ribs. The use of acrylic allowed for full laser and optical access to any area of the test channel. Within the ribroughened section, transverse spanwise ribs were placed 90 deg to the main channel flow and were staggered when comparing the upper and lower walls, as shown in Fig. 3 . The engine scale ribs were constructed with small brass square rod, and the scaled up ribs were constructed of acrylic. The coordinate system, also shown in Fig. 3 , was defined based on the channel centerline and upstream face of the first rib on the top wall. As with all other channel parameters, the staggered rib geometry was chosen as it matches with what is commonly seen within the engine and the published literature.
High pressure room temperature air was supplied as coolant to the test channel. This air was distributed to the laboratory by an auxiliary compressor facility at approximately 550 kPa. A gate valve, situated far upstream of the plenum inlet, was used to control and regulate the coolant flow rate. The total coolant flow rate to the channel was measured upstream of the plenum inlet by measuring the pressure drop across a laminar flow element ͑LFE͒. The LFE had a maximum flow rate capacity of 1.2 m 3 / s and a measured flow rate uncertainty of Ϯ0.5%. Flow rate requirements for the channel ranged from 0.1 m 3 / s to 0.7 m 3 / s. A Validyne DP-103 differential pressure transducer was used to measure the pressure drop across the LFE.
After passing through the LFE, the flow entered a plenum having a 40:1 area ratio compared with the channel flow area. Within the plenum the coolant flow passes through a round-hole diffusion plate, having a closed to open area ratio of 4:1. After passing through the diffusion plate, the coolant entered the channel section through a bell-mouth inlet to assure a smooth and uniform inlet flow.
Measurement Method for Flow and Particle Trajectories.
TRDPIV is a noninvasive flow field measurement technique, which provides spatio-temporal resolved velocity field measurements. As shown in Fig. 4 , the TRDPIV system included the following components: fluid tracing particles uniformly seeded within the flow, a high power pulsing laser to illuminate the particles, optics for laser manipulation, and a high speed digi- For this study, a LaVision liquid atomizer was used to seed the air ͑coolant͒ flow with ϳ1 m diameter alcohol droplets. Roughly spherical in size, the alcohol particles had a calculated Stokes number Ӷ1. The Stokes number is defined as the ratio of the particle relaxation time p and the characteristic time scale of the flow f . When StӶ 1, it is assumed that the particle responds to flow fluctuations almost perfectly, and therefore, has a slip velocity of zero. A Stӷ 1 indicates that particle inertia is sufficiently high in relation to the flow influence and that its trajectory is relatively unaffected by the flow field ͓15͔. As will be discussed later, the Stokes number range for the sand particles, in contrast to the flow seeding, ranges from St= 0.002 to St= 2 , 000. The sand particles, therefore, fully encompasses the realistic range of particle behavior from StӶ 1 to Stӷ 1.
Illumination of the seeding particles was accomplished using a high power pulsing laser. A coherent light source is typically used for TRDPIV as it provides a means to investigate a particular region of the flow field by illuminating the seed particles well above the level of background ͑diffuse͒ light. For the current study a 20 W New Wave dual-head Pegasus laser was used for this purpose. The Pegasus laser has a maximum pulsing frequency of 20 kHz, making it optimally suited for TRDPIV. As shown in Figs. 4 and 5, the laser beam was manipulated into a very thin ͑Ͻ1 mm͒ two-dimensional plane through the use of lenses and mirrors, and then passed vertically through the channel's lower wall. The streamwise location of the laser plane defined the region of TRDPIV interrogation, which for this study was 2.1D h streamwise by 1D h spanwise, centered at the inlet and developed regions of the channel at the first and 12th ribs, respectively.
Recording of the tracer motion within the region of interrogation was accomplished using a high speed digital camera. Placed normal to the laser sheet, the camera recorded images of the fluid tracers at precisely controlled time intervals. Given this history of the fluid tracer motion, the associated channel flow field may then be computed from the interframe flow tracer displacement using standard TRDPIV correlation techniques. For this study, a Photron Ultima APX-RS high speed digital camera was used, having a maximum frame rate of 6000 fps at 1024ϫ 1024 pixel resolution. Since the region of interrogation has an aspect ratio of 2.1:1, the camera resolution was reduced to 1024ϫ 464 to maximize the total number of frames that could be acquired in a single test.
Additional equipment employed in the study included a central data acquisition PC and integrated design tools timing hub, which were used to control the laser and camera sampling frequencies. A Tektronics TDS 2014 oscilloscope was also used to monitor the synchronization of the camera and laser timing signals.
The next step in TRDPIV is the analysis of the captured particle images. The most commonly used method to analyze these types of images is the standard cross correlation ͑SCC͒ technique. After sectioning each image into individual correlation windows the SCC method utilizes a fast Fourier transform ͑FFT͒ between each image pair to measure the particle displacement within each window ͓16-18͔. A significant body of research has been performed exploring different correlation methods, which seek to improve the accuracy and fidelity of the TRDPIV measurements, but a review of these contributions is well beyond the scope of this paper. Herein we use a new technique, termed as robust phase correlation ͑RPC͒ by Eckstein and Vlachos ͓19͔, which improves the SCC by employing optimum spectral filtering based on a generalized cross correlation. The method has been shown to increase the measurement accuracy while reducing peak-locking. Supporting the results of Eckstein and Vlachos ͓19͔, significant improvements in valid vector detection and measurement accuracy were observed for the present rib channel experiment when using the RPC technique versus the SCC technique ͑data not shown͒. Therefore all processing was performed with the RPC using the parameters in Table 2 .
Utilizing the above described facilities and measurement methodologies, two different experiments were performed to quantify the channel flow fields. The first experiment sought to highly resolve the single-phase channel flow field using TRDPIV. Therefore, the scaled up channel geometry was used, having the flow seeded only with 1 m alcohol flow tracers. The aim of the second experiment was to investigate a two-phase channel flow, with emphasis on the trajectories of the larger particles. To accomplish this, three different types of sand were fed into the engine scale channel, and their motion was recorded using the TRDPIV system. As a note, future studies will look at combing the two experiments, thereby simultaneously resolving both the coolant particle flows and particle trajectories.
Sand Characterization and Delivery.
For the two-phase flow experiment, three different sand types were tested: ISO coarse, Arizona road dust ͑AzRD͒, and sieved AzRD. To create a distribution of larger particles, the AzRD particles above 100 m were separated using dry standard sieving practices to be used for the large diameter sand testing. All sands have the same basic chemical composition, primarily crushed quartz. The analysis of each of the sand samples agree with the manufacturer's specification, stating that they contain different phases of quartz ͑SiO 2 ͒ up to approximately 68-76%. The other major constituent is aluminum oxide ͑Al 2 O 3 ͒ between 10-15%, with traces of iron oxide ͑Fe 2 O 3 ͒, sodium silicate ͑Na 2 O͒, lime ͑CaO͒, magnesium oxide ͑MgO͒, titanium dioxide ͑TiO 2 ͒, and potassium oxide ͑K 2 O͒, in descending concentration.
Despite their similar compositions, each test sand had significantly different size distributions. Shown in Fig. 6 are the three sand size distributions tested for the two-phase channel flow experiments. A Horiba LA-950 particle size analyzer was used to measure the sand size distribution, having a reported accuracy of Ϯ1% of the measurement size ͑Ϯ1 nm at 0.1 m and Ϯ10 m at 1000 m͒. As a quick reference, Table 3 indicates the mean, minimum, and maximum sand diameters of each test sand. Also shown in Table 3 are the calculated Stokes numbers of the particles based on the rib height and bulk channel velocity.
Particle mass loading was set to a value of 0.8, which was identified by Walsh et al. ͓20͔ as sufficient to generate engine representative blocking levels in simulated cooling geometries. 
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Transactions of the ASME Particle mass loading is defined in the Nomenclature as the ratio of the dispersed phase mass flow rate to the mass flow rate of the carrier fluid. This is also referred to as the mass concentration ratio. Dispersion of the AzRD was accomplished at the inlet to the smooth channel using a gravity-feed system, which was calibrated to provide appropriate mass loading. The sand was injected tangentially to the flow at the bell-mouth inlet. Acceleration and dispersion of sand occurred throughout the smooth channel inlet, which was driven by the turbulent flow field in the channel.
Discussion of Results
The results of this study are presented in two main sections: mean averaged TRDPIV results for single-phase flow, and for two-phase flow seeded with three different particle size distributions. For the single-phase channel flow, TRDPIV results are compared with published LDV ͓4͔ and LES ͓5͔ data on similar geometries at Re= 20,000. Results from the two-phase flow field are qualitatively compared with a two-phase LES study. Some data presented in this paper were originally published in a more detailed TRDPIV study of the single-phase channel flow experiment by Cardwell et al. ͓21͔ and is appropriately referenced when applicable.
Single-Phase Rib Channel Flow-Mean Averaged.
The fully developed and entry regions of the ribbed channel flows for Re= 20,000 are given in Fig. 7 with contours of turbulent kinetic energy ͑TKE͒ overlaid with mean velocity stream traces. As a note, the blanked-out area in Fig. 7͑a͒ at X / e = −6 and Y / e =−4 was deemed an inaccessible area, resulting from the local channel construction. Below the full flow plane that was measured is a close-up of the region indicated in Fig. 7 . For the entry region ͑Fig. 7͑a͒͒ the mean approaching flow separates from the top of the first rib, resulting in separated shear layer as evidenced by the high values of TKE just above the ribs and a large recirculating region between the first and second ribs. This inter-rib recirculating region was located behind the first rib from X / e = 1 to 5 and Y / e = 2.4 to 4, and was bounded by the closing of the first rib separated shear layer. Reattachment of the separated region occurred just upstream of the second rib at X / e = 6.5.
In the developed region ͑Fig. 7͑b͒͒, the mean flow field showed several important differences when compared with the inlet. Higher levels of TKE were observed throughout the flow field with a much larger band of TKE above the ribs signifying a more energized and turbulent separated shear layer. Given the increased turbulence levels above the ribs, the inter-rib wake region closed faster with reattachment occurring at X / e = 101. These results corresponded to a reattachment length of 6.5e at the inlet as compared with 5e in the developed section. A smaller recirculating region was also observed at just upstream of the 13th rib at X / e = 102.7. The TRDPIV measured flow fields described above qualitatively agree with other published studies using other flow field measurement techniques ͓4-6͔.
More specifically, Figs. 8 and 9 show direct comparisons of the 8͑a͒ and 9͑a͒ show good agreement between all three methods, both above the 12th rib and in the inter-rib region. Maximum streamwise velocity measured by TRDPIV was ϳ4% higher than the value measured by LDV and LES.
Comparison of the streamwise velocity fluctuations in Figs. 8͑b͒ and 9͑b͒ also showed good agreement, with a maximum measured u rms / u b = 0.37 at Y / D h = 0.14 in the inter-rib region, and u rms / u b = 0.52 at Y / D h = 0.12 above the 12th rib. As shown in Figs. 8͑c͒ and 9͑c͒, the measured profiles of the spanwise velocity fluctuations were also similar for all three methods, with the reported TRDPIV values being slightly lower just above the 13th rib and near the channel wall in the inter-rib region. However, slight differences are to be expected since the studies of Graham et al. ͓4͔ and Sewall et al. ͓5͔ were performed on a channel with aligned ribs, and the TRDPIV study presented was performed with a staggered rib array ͑see Fig. 3͒ . Ultimately, results for the three studies show close agreement and serve to confirm that the TRDPIV technique was accurately resolving the rib channel flow field.
The TRDPIV method succeeded in fully resolving the unsteady rib channel flow field in both space and time. Figure 10 shows the instantaneous flow field and calculated vorticity magnitude for a single flow sample in the fully developed region. Vorticity is defined as the curl of the local velocity vector and is often related to the level of rotation present in the flow. The presence of a coherent flow structure, such as a vortex, is often evidenced by a region of high vorticity values. While a full unsteady analysis of the rib channel flow field is beyond the scope of this paper, it is useful to identify that the actual Stokes numbers of particles within the channel flow will vary considerably as they convect through the channel. 
Two-Phase Rib Channel Flow. Each image shown in
Figs. 11-14 were exposed multiple times by the laser, resulting in particle streaks. The images in Figs. 11, 13, and 14 were exposed six times and Fig. 12 was exposed four times. The number of exposures per frame was adjusted to help visualize the particles better for the different sand sizes. It is important to note that, for Fig. 12 , a minor synchronization error between the laser and camera caused some images to be exposed three or five times instead of the desired four laser pulses.
For all sand sizes, particles were observed traveling through the passage colliding with walls, rib surfaces, and each other. The ISO coarse test dust, having a smaller range of sand diameters, most closely followed the mean flow direction, as shown in Fig. 11 . For these smaller diameter particles, fewer observed wall collisions occurred as compared with the larger diameter sand sizes.
As shown in Fig. 12 the sieved AzRD was observed to be primarily inertially driven, which is a result of having a much higher mean particle diameter, and therefore, higher Stokes number. Inertially driven, or ballistic, particles have a higher tendency to follow their own particle paths and are only marginally influenced by the surrounding flows. The arrows shown in Fig. 12 indicate the direction of the particles, showing that the particles do move in a direction sometimes that opposes that of the mean flow direction.
The motion of unsieved AzRD could be described as a combination of the ISO coarse and sieved AzRD since it has both a wide range of particle sizes and a relatively low mean particle diameter, as shown in Fig. 13 . It was also observed that particles can break up after a strong collision with the wall. Figure 14 shows a particle collision that occurred while testing with the unsieved AzRD at Re= 20,000. This succession of images recorded the collision and subsequent breakup of a particularly large particle. The diameter of the particle was estimated to be approximately equal to the rib height and had a high slip velocity in relation to the smaller particles. Upon breakup, smaller fragments were observed to accelerate quickly into the channel flow, while larger fragments accelerated slowly and maintained their trajectories longer. Recalling Fig. 12 , it was also shown that large particles colliding with the upstream rib surface occasionally rebound with sufficient velocity to travel upstream for several rib pitches until finally becoming re-entrained into the flow, as illustrated in Fig. 15 . It was therefore inferred that the particle residence time within the cooling channel was much higher than the estimated fluid residence time, owing to the large number of rib and wall collisions.
Comparison of the Measured and Predicted TwoPhase Channel Flows.
Computationally simulating two-phase channel flows are quite complex, and many assumptions are typically made for those simulations. Some typical assumptions include the following: particles follow the flow streamlines; there is no particle break-up; and particle collisions with the wall are perfect elastic collisions. Section 4.2 clearly showed that these assumptions were violated, as indicated by the qualitative analyses of the particle trajectories. Despite these assumptions, one can ask whether the predicted particle dynamics and deposition is still consistent with the qualitative measurements, such that the com- Transactions of the ASME putations would still allow one to use the predictions to design improved, robust cooling methods in the presence of particleladen flows. When compared with the study by Shah and Taft ͓12͔, the experimentally observed particle dynamics appeared markedly different than the LES prediction given the assumptions that were made. One of the findings by Shah and Tafti was a strong preferential concentration of particles near the channel walls after only a few time steps. They predicted that 40% of 10 m, 26% of 50 m, and 27% of 100 m would be within 0.05D h of the channel walls. Note that the Reynolds number and particle sizes were similar to those used in our study. This preferential concentration of particles near the walls was not observed experimentally for any of the particle sizes injected. In fact, an opposite trend was seen with a more homogeneous distribution of particles as sand diameters were decreased. Only the larger particles were observed to occasionally linger near the rib walls, owing to their higher inertia when compared with the smaller particles.
Qualitative analysis of our data showed that wall collisions occurred preferentially at the upstream rib face for all sand types and sizes, which does agree with the results presented by Shah and Tafti ͓12͔. They reported a much higher particle impact velocity and concentration on the upstream surface of the rib. As illustrated in Fig. 15 , particles with high Stokes numbers hit the upstream rib face, and then rebound into the core channel flow. Having sufficient inertia, these particles cross to the opposite surface and collide with the upstream face of the next rib. The rebounding process was repeated as the particle traveled through the channel, as illustrated in the inset of Fig. 15 . This phenomenon is a result of the presence of ribs on both walls, which serves to restart the rebounding process at each successive rib location. Successive particle collisions from the top to the bottom ribs were less frequently observed for ISO coarse sand since particle Stokes numbers were significantly lower than both sieved and unsieved AzRDs. Recall that lower Stokes numbers refer to particles being influenced by the local flow such that the particles are re-entrained by the flow after a wall collision. The LES study by Shah and Tafti ͓12͔ could not predict this rebounding process since the domain was only modeled for one rib pitch with periodic boundary conditions.
It is important to note that the rebounding process would be similar for both a staggered rib channel ͑this study͒ and an aligned rib channel, as presented by Shah and Taft ͓12͔. The rebounding phenomenon results from three conditions, which are independent of the rib staggering, as follows: ͑1͒ a particle must impact the upstream rib face at a relatively high velocity; ͑2͒ the particle, having a sufficiently high Stokes number, follows a ballistic path across the channel while being accelerated by the carrier flow; and ͑3͒ owing to the presence of ribs on the adjacent wall, the particle impacts another front rib face at sufficient velocity to restart the process.
Conclusions
An experimental study on a rib channel flow field was conducted to verify the TRDPIV method for both single-and twophase flows. The main tasks of this study were to benchmark the TRDPIV facility by comparing against the literature and also to provide qualitative insight into the particle motion within a simulated cooling channel.
Regarding the comparisons of the TRDPIV derived singlephase flow field to the literature, good agreement was found at Re= 20,000 when comparing the mean-averaged flow field to those measured by LDV and LES. The presence of the previously reported separated shear layer and inter-rib recirculating region were fully resolved in addition to a several smaller regions of recirculation past the reattachment point between the ribs. Profiles of the mean velocity and velocity rms also showed good agreement with the literature both above the rib and in the inter-rib region.
For the two-phase flow, TRDPIV measurements of the particle motion were described for three different sand size distributions. For all particle sizes, there was a preferential concentration of wall impacts at the upstream rib surface with more wall impacts being observed as the particle size increased. Particle rebounding was captured through these studies, whereby it was shown that large particles traveled in a direction opposite to the mean flow direction. It was concluded that this occurrence greatly increases the particle residence time which, in the engine, would result in much higher particle temperatures due to radiation, and thus, a greater probability of particle melting and deposition onto the channel walls.
Breakup of large agglomerations of particles was frequently observed during wall collisions, resulting in a decreasing Stokes number as the smaller diameter particles traveled through the channel. As a result of these frequent collisions with the upstream rib surface, the increasingly smaller particles will follow the flow more closely as they convect through the passage. The breakup of particles, through wall collisions, will likely result in a more homogeneous distribution of particles at the developed section, as compared with the inlet.
The observed two-phase experimental results did not appear to completely concur with those derived by LES simulations on a two-phase ribbed channel flow, which is in part due to the inherent assumptions that are made. No preferential concentrations of particles were seen, as was reported by LES. For the larger sand diameters, the motion of the particles seemed to be driven primarily by particle-wall or particle-rib impacts, which resulted in significant particle breakup not modeled in the LES study. This work indicates the need for a more complete study combining observed experimental findings with improved modeling. 
